ABSTRACT: Lowland soils present a great potential for the flooded rice crop. This work aimed to estimate critical levels of P in waterlogged soils cultivated with rice using Mehlich 1 and anion exchange resin as soil-P extractors, compare the performance of these extractors as for the evaluation of the P availability, and study the soil-P fractions involved in the P nutrition of the rice crop. Studied soils consisted of four Histosols: Low Humic Gley (GP), Aluvial (A), Humic Gley (GH) and Bog Soil (O) which were previously cultivated with beans. The experimental design was completely randomized, in a factorial scheme, using four soils, five P rates (75, 150, 300, 500 and 800 mg dm -3 ) and two liming treatments (with and without liming), with three replicates. After 60 days of flooding, soil samples were submitted to P extraction by Mehlich 1 and resin, and phosphorous fractionation. Two rice plants were cultivated in pots containing 3 dm 3 of waterlogged soils. The labile P and the moderately labile P of the soils contributed for rice nutrition. The two tested extractors presented efficiency in the evaluation of P availability for the rice cultivated in lowland waterlogged soils.
INTRODUCTION
Soil chemical analysis is the principal tool for soil fertility evaluation. The dose of fertilizer to be applied to the soil is mainly based on the diagnosis of the nutrient availability in the soil. A recent literature review has reported that phosphorous (P) availability prediction has been extensively studied over the last decades (Silva & Raij, 1999) . However, it is not well known yet how methods are the most suitable for the evaluation of phosphorous availability in waterlogged soils.
Evaluation methods of P availability for rice in drained soils have been tested for flooded rice in lowland soils. Among them, Mehlich 1 is the most available method for Minas Gerais State even if anion exchange resin (resin) is considered more promising in evaluating P availability in flooded rice fields (Grande et al., 1986; Motta et al., 1994) .
According to Motta et al. (1994) the P extraction from waterlogged soils by resin was less influenced by variations in organic matter contents and soil texture than by acid extractors. Grande et al. (1986) verified a high correlation between P taken up by flooded rice plants and amount of the nutrient extracted by resin, and a good correlation between Melhich 1 and P uptake by plants only in soils with less than 10% of organic matter.
Although waterlogged lowlands exploitation with agricultural activities endanger the ecosystem, there are not many information about amounts of P to be applied seeking to avoid environmental impacts. P dynamics in these soils are ever far too complex, because reactions of reduction and hydrolysis of other compounds (oxides and hydroxides) affect P contents in soil solution (Lindsay, Scientia Agricola, v.59, n.1, p.113-120, jan./mar. 2002 1979). Hence, P dynamics in flooded soils can be well described by approaching forms of P in soils using method of fractionation . The P fractions of soils related to available P by extractors, would allow the identification of the most extractable pool of P for each soil, and then, the selection of the most efficient method for a particular area (Barbosa Filho et al., 1987) . Obviously, the P amounts obtained by extraction should be correlated to growth and total P taken up by plants.
The objective of this work was to estimate critical levels of P in four waterlogged soils cultivated with rice by extractors Melhich 1 and resin, compare the performance of these extractors as for the evaluation of the P availability, and to find out which organic and inorganic forms of soil phosphorous contribute most to P nutrition of rice in these systems.
MATERIAL AND METHODS
The experiment was carried out in a greenhouse at the Department of Soil Science at the Federal University of Lavras, using pots containing 3 dm 3 of each soil sample studied. Flooded rice plants (Oriza sativa L. cv. Jequitibá) were cultivated during the period October 1998-February 1999, in samples (0-20 cm) of four Histosols previously treated with 5 P doses (Fernades et al., 2000) and with 2 liming levels (Faquin et al., 1998) and cultivated with beans plants.
Chemical, physical and mineralogical attributes of the natural samples of these soils are presented in Table 1 .
The experiment with bean was carried out in 3 dm -3 pots, greenhouse conditions. Pots were seeded with three plants, and one plant was harvested at the flowering period and the other two at the end of the cycle. Trials were set up in a completely randomized design. Treatments included all possible combinations among 4x5x2 factorial four soils, five P doses and 2 liming levels -liming and no liming (n=4). The Bog Soil (O) sample was artificially drained, showing lower rates of organic matter. Lime was applied to raise soil base saturation to 70%, and consisted of a CaO (35%) + MgO (14%) mixture, as recommended by Faquin et al. (1998) .
Upon harvesting the bean plants, soils were air dried, passed through a 5 mm sieve, sampled, for chemical analysis and planted with flooded rice. Except for the number of replicates (3), trials were set up as described for the bean crop assay. Before flooding and sowing, soils were thoroughly mixed with macro and Soils were flooded for 60 days (3 cm of water or the soil surface). Soil portions were then sampled 3 cm below the soil surface and evaluated through Mehlich 1 (EMBRAPA, 1997) and resin (Raij, et al., 1987) methods; chemical fractionation was done as proposed by Ivanoff et al. (1998) for Histosols: a sequential extraction of labile forms following the moderately labile and non-labile forms, but the moderately labile P o (fulvic acids) was not separated from the non-labile P o pool (humic acids) in the NaOH extract, as suggested by the authors.
Two 0.5-g samples of dry soil were taken from each pot for P fractionation. In one of the samples, P associated with the soil live microbial biomass was estimated through chloroform (CHCl 3 ) fumigation (Hedley and Stewart, 1982) . Total, labile P (P i -NaHCO 3 + P o microbial) was determined according to Pavan & Chaves (1996) . The remaining soil was used for determination of succeeding fractions. On the other sample, only the extraction with 30 mL of NaHCO 3 (0.5 mol L -1 ) was applied after the determination of inorganic labile P (P iNaHCO 3 ) in the extracts. The difference between the amounts of P-NaHCO 3 in the CHCl 3 -treated and untreated samples represents the P o microbial, a significant portion of the readily bioavailable pool of P.
The organic and inorganic forms of NaOHextractable P were determined by adding 30 mL of NaOH (0.5 mol L -1 ) to the samples. Tubes were shaken for 16 hours and the P i -NaOH was obtained in the extract. The extract was then autoclaved and P-NaOH (P i -NaOH + P oNaOH) was determined the amount of P o -NaOH was calculated as the difference between P-NaOH and P iNaOH. The remaining soil was used on the subsequent extraction.
The determination of P i -HCl was done using 30 mL of HCl (1 mol L -1 ). Samples were centrifuged at 7000 rpm for 15 minutes and P was determined on the solution surface. The remaining soil was digested with H 2 SO 4 (0.5 mol L -1 ) and H 2 O 2 to determine P-residual. The colorimetric method described by Murphy & Rilley (1962) was used to determine P in all extracts.
After fractionation, P-forms were defined as: Labile P (LP) = P i -NaHCO 3 + P o microbial; Moderately labile P (MLP) = P i -HCl + P i -NaOH + P o -NaOH; Non-labile P (NLP) = P-residual; and Total P (TP) = LP + MLP + NLP.
During the cultivation period, N and K were applied according to the species requirements. Treatments in which rice plants showed satisfactory development in each growth stage received 500 mg N dm -3 and 500 mg K dm -3 , split in 8 applications. Proportional doses were applied to the rest of the treatments, according to the growth of the plants.
At the end of the cycle, rice plants were harvested, oven-dried at 65-70 o C and weighed. The dried shoot was ground to pass a 0.5-mm sieve and P was extracted as recommended by Malavolta et al. (1997) . Grains were harvested, oven dried at 40-45°C until 13% moisture, cleaned, peeled and weighed. Phosphorus concentration in shoots, total P taken up by plants and grain yield were measured.
Data were submitted to ANOVA and regression analysis. Regression equations were adjusted to the average grain yields as a function of P rates utilized, and from these equations, the ins' physiological ripening and P extracted from soils by the two extractors.
Correlation between P-fractions in soils and P taken up by plants were estimated in order to identify the relationships between fractions of P in the soils and P nutrition of rice plants. Correlation between P-fractions in soils and P extracted by extractors Mehlich 1 and resin was calculated.
RESULTS AND DISCUSSION

Phosphorus fractions in soils and phosphorus nutrition of rice
Significant correlation was observed between P iNaHCO 3 , P o -microbial and total labile P with the total P taken up by rice plants in soils with and without liming ( Table 2 ). Both forms -P o -microbial (Brooke et al., 1984) and P i -NaHCO 3 (Bownan & Cole, 1978; Tiessen et al., 1992) -are considered the main pools of available P to plants.
In general, the fractions P o -NaOH, P i -NaOH, P iHCl, total moderately labile P, and P-total showed significant correlation with total plant P, independently of liming rates (Table 2 ). The fractions P o -NaOH and total moderately labile P were not significantly correlated to the total plant P only in the limed GH soil conditions. Ivanoff et al. (1998) suggested that humic acids represent the non-labile P pool in soils while fulvic acids comprise the moderately labile P o sources, which can become available to plants. Liming probably interfered in the distribution of organic (moderately labile) P pools in the GH soil.
All fractions of moderately labile P were significantly correlated to P taken up by plants on nonlimed GH soil. Phosphorus fractions connected to amorphous or crystalline phosphates of Fe and Al which are considered of low availability to plants (Willians et al., 1980) can be NaOH-extracted. The P i -HCl is referred to the calcium phosphates (Walker & Syers, 1976) made available in the long run through weathering in unfertilized soils of temperate regions (Smeck, 1985) . However, in tropical acid, drained soils, this form of P resulting from liming, is less stable than P bound with Fe or Al, and readily available to plants (Araújo et al., 1993) . In reduced systems, Fe and Al phosphates are hydrolyzed by chelatants formed from anaerobic Scientia Agricola, v.59, n.1, p.113-120, jan./mar. 2002 decomposition of organic matter, and P is released to the soil solution becoming available to the plants (Ponnamperuma, 1972) . Subsequently, flooding breaks down calcium phosphate (Ponnamperuma, 1972) and increases P diffusion in soils (Turner & Gilliam, 1976) . This is probably how moderately labile P (Ivannof et al., 1998) is made available to plants after flooding, enhancing P supply to them.
Although the correlation between moderately labile P forms and total P taken up by plants was significant, there was no evidence that moderately labile P was taken up by plants. Furthermore, the lag period between P fertilization and rice cultivation may have not been long enough to establish this form in the soils.
The residual P-fraction represents the non-labile P bound up with minerals structurally free from Phematite, goethite, and gibbsite (Smeck, 1985) . Phosphorus application leads to an increase on retention of P in the soil by those minerals, contributing each time more to its occlusion. Concurrently, plants absorb more P, and that might justify the high correlation observed between P taken up by plants and the residual P form on soils.
Critical levels of P in soils
Regression equations were adjusted for values of P extracted by Mehlich1 and resin extractors and the P rates applied to each soil for each liming level (Table 3 ). Critical levels of P were estimated by Mehlich 1 and resin (Table 5) by substituting the P rates respective to 90% of the maximum grain yield (Table 4) in these equations. The critical levels of P evaluated with resin decreased as follows: GP>GH>A>O without liming, and GP>A>GH ≅ O with liming. Working with 9 flooded soils, Mello (1991) reported a wide variation among critical levels of P, also depending on the type of extractor utilized to assess the P status in the soils. Independently of extractor and liming level, the highest values of P critical levels were found for GP. These values are probably a consequence of the low phosphate buffering capacity observed for a large amount of PR and low values of PAMC in this soil (Table 1 ). In addition, GP soil has high P-adsorption capacity in solution in reduced systems which is, confirmed by the high ratio Fe o /Fe d (Table 1 ). Since this soil shows a low phosphate buffering capacity and a fast exhaustion of P in solution, high concentrations of available P is expected to be maintained in soil solution.
The literature shows that the P availability to rice plants is related to the P buffering capacity of soils (Hossner et al., 1973; Sanchez & Smith, 1980; Moraes & Dynia, 1992) . Significant correlations between P critical levels by resin and P remaining (PR) in limed soils were verified (Table 6 ), characterizing their P buffering capacity (Muniz et al., 1985) . **significant at the 0.05 probability level; *significant at the 0.01 probability level; ns -non-significant.
established by Mehlich 1 (Table 5) , were similar in their P buffering capacity, but differed regarding their stability of oxides (Table 1) . Except for the critical levels estimated by resin in treatments with liming (Table 7) , positive, significant correlations between P critical levels and oxide activity (Fe o /Fe d ) were observed. Lime stabilizes Fe oxides in flooded systems (Mello, 1991) and increases the capacity of the soil to supply P to plants (Silva & Raij, 1999) . The high correlation between critical levels of P extracted by resin in limed soils with P buffering capacity (Table 6) supports the idea that the resin method identified these effects more effectively.
Resin is the only P extraction method that reveals adequately the liming effect on increasing P availability to plants (Silva & Raij, 1999) . In general, the critical levels of P in the treatments with and without liming were dependent on the Fe oxide activity when estimated with Mehlich 1 and also on the Fe oxide activity and P remaining when measured by resin.
P availability by extractors Mehlich 1 and resin
The liming x soil x P rate interaction altered (P<0.01) the P status evaluated by Mehlich 1 and resin. In general, the P concentrations available by extractors decreased as follows: GP>GH>O>A, except for resin in limed soils, which showed a decrease in P concentrations available by extractors as follows: GP>A>GH>O. ), as dependent variable of P rates applied (X = mg dm Mehli ch 1 Y = 1.2580 + 0 .01 23** X 0.9 9 Re si n Y = 9.1571 + 0 .14 75** X 0.9 6 Table 4 -Maximum grain yield and 90% of the maximum production and P rates to reach these productions in the soils Low Humic Gley (GP), Aluvial (A), Humic Gley (GH) and Bog Soil (O).
Extractors
With li ming Without li ming Table 5 -Estimated P critical levels in waterlogged soils to flooded rice, correspondent to 90% of the maximum production by extractors resin and Mehlich 1, in soils Low Humic Gley (GP), Aluvial (A), Humic Gley (GH) and Bog Soil (O).
GrainYi eld P rate s Mello (1991) observed that critical soil levels of P extracted by Mehlich 1 are not highly correlated to soil attributes that express phosphate-buffering capacity, but this correlation is higher when anionic paper, which behaves similaCrly to the anion exchange resin, is used as extractor. According to Mello (1991) , the extractor Mehlich 1 destroys part of the adsorption matrix -the low stability oxides. Nevertheless, these oxides remain intact during P adsorption analysis (i.e. P remainder or any other measure of P buffering capacity). The amount of P extracted by Mehlich 1 can differ among soils with equal buffering capacity but with different oxides stability. In fact, soils A and GP, that showed different critical values of P Table 6 -Pearson's correlation coefficients between P critical levels and P-remaining and Fe oxide activity (Fe o /Fe d ) in the studied waterlogged soils.
**significant at the 0.05 probability level; *significant at the 0.01 probability level; ns -non-significant. Except for GH soil with and without lime, and O soil with lime, resin extracted more P than Mehlich 1. The GH soil contained high amounts of organic matter and total P, suggesting a contribution of organic P to the values found with the acid extractor. Mehlich 1 can extract relatively high amounts of P in soils with high organic matter contents (>10%), with P o forms, not available to plants, apparently included (Grande et al., 1986 Mehlich 1 0.9 3** 0.93** 0.9 8** 0.98** 0.9 7** Re si n 0.9 7** 0.90* 0.9 9* 0.99** 0.9 7** L abi le P-to tal Mehli ch 1 0.9 6** 0.95** 0.9 9** 0.98** 0.9 8** Re si n 0 .9 7** 0.90* 0.9 4** 0.99** 0.9 7** P o -Na OH Mehlich 1 -0.21ns 0.94** 0.9 7** 0.90* 0.9 2** Re si n -0.14ns 0.87* 0.9 7** 0.91* 0.9 2** P i -Na OH Mehlich 1 0.9 3** 0.91** 0.9 3** 0.92* 0.9 3** Re si n 0.83* 0.86* 0.8 5* 0.92** 0 .9 1** P i -HCl Mehlich 1 0.9 3** 0.94** 0.9 6** 0.91* 0.9 5** Resina 0.7 4ns 0.88* 0.8 8* 0.91* 0.89* Mod erately labi le P-to tal Mehlich 1 0.1 7ns 0.97** 0.9 7** 0.91* 0.9 2** Re si n 0.5 4ns 0.91* 0.8 8* 0.91* 0.9 1** P-residual Mehlich 1 0.9 6** 0.99** 0.9 9** 0.99** 0.99* Re si n 0.80* 0.98** 0.9 8** 0.99** 0.9 7** P-total Mehli ch 1 0.91* 0 .98** 0.9 9** 0.97** 0.98* Re si n 0.9 6** 0.93** 0.9 4** 0.98** 0.9 7** Without liming P o -microbial Mehlich 1 0.9 5** 0.83* 0.8 7* 0.99** 0.9 3** Re si n 0.9 8** 0.97** 0.8 1* 0.97** 0.9 8** P i -NaHC O 3 Mehlich 1 0.9 3** 0.96** 0.9 7** 0.99** 0.9 8** Re si n 0.9 3** 0.84* 0.9 8** 0 .98** 0.9 7** L abi le P-to tal Mehlich 1 0.9 7** 0.94** 0.9 6** 0.99** 0.9 9** Re si n 0.9 6** 0.94** 0.9 8** 0.98** 0.9 8** P o -Na OH Mehlich 1 0.9 6** 0.66ns 0.9 9** 0.94** 0.9 3** Re si n 0.9 3** 0.96** 0.9 9** 0.94** 0.97* P i -Na OH Mehlich 1 0.9 4** 0.83* 0.9 8** 0.91* 0.97* Re si n 0.9 5** 0.90* 0.9 7** 0.87* 0.95* P i -HCl Mehlich 1 0.9 7** 0.90** 0.9 6** 0.82* 0.9 7** Re si n 0.9 9** 0.75ns 0.9 8** 0.84* 0.9 4** Mod erately labi le P-to tal Mehlich 1 0.9 6** 0.83* 0.9 9** 0.92** 0.9 7** Re si n 0.9 6** 0.83* 0.9 8** 0.92* 0.9 7** P-residual Mehlich 1 0.9 8** 0.90* 0.9 9** 0.99** 0.9 9** Re si n 0.9 9** 0.90** 0.9 9** 0.97** 0.9 8** P-total Mehlich 1 0.9 7** 0.92** 0.9 8** 0.98** 0.9 9** Re si n 0.9 9** 0.92** 0.9 8** 0.97** 0.9 8** Table 7 -Pearson's correlation coefficients between available P by extractors and forms of P in the studied waterlogged soils.
**significant at the 0.05 probability level ; *significant at the 0.01 probability level; ns -non-significant.
However, the high correlation between P o microbial (labile) and P extracted by Mehlich 1 as well as the very low correlation between Mehlich 1 and P o -NaOH (moderately labile) suggest that Melhich 1 extracted only available organic forms of P off the GH soil. The P o -NaOH fraction did not show correlation with P extracted by either Mehlich 1 or resin, as did the total moderately labile P (Table 7) .
P o microbial is one of the most important P forms in plant nutrition (Brooke et al., 1984) showing the highest correlation with total P taken up by plants (Table 2 ). In the limed O soil, P extracted by resin was not correlated with this form, meaning that the principle of the resin method (the transference of labile P from soil to resin by anionic exchange) showed efficiency only for the labile inorganic P form of limed O soil, as confirmed by the high correlation between P extracted and P i -NaHCO 3 (Table 7) .
Both extractors were similar in their ability to extract P fractions from all soil groups (Table 7) . Research has demonstrated that Mehlich 1 has been somewhat inefficient in predicting P availability to flooded rice in lowland soils (Grande et al., 1986) , probably because there is a predominance of P-Fe in these soils (Mahapatra & Patrick, 1969) , and acid extractors extract preferentially P-Ca (Raij, 1991) . However, researchers who studied the relationship between available and inorganic P fractions, have reported that Mehlich 1 predominantly extracted P from P-Fe in Latosols, recommending the use of this extractor for soils with predominance of P-Fe (Barbosa Filho et al., 1987) .
Phosphorus extracted either by resin or by Mehlich 1 had positive correlation with total P taken up by plants for each soil and for all, grouped, limed or nonlimed soils (Table 8) . Considering the relations between P extracted by Mehlich 1 and resin with labile P (Table  7) , and total P taken up in shoot (Table 8) , it can be concluded that both Mehlich 1 and resin methods were efficient in the evaluation of P availability to flooded rice in the soils studied. Grande et al. (1986) referred to resin as an effective and to Mehlich 1 as a non-effective method for prediction of availability of P to flooded rice. The authors consider that clay contents, organic matter, and total P discreetly influence resin extraction, suggesting that resin detects almost all labile P availability to rice in waterlogged soils. Motta et al. (1994) also reported resin as not only the most efficient method to evaluate P availability to plants in lowland, waterlogged soils, but also a method that is less influenced by variations in organic matter content and soil texture than acid extractors.
CONCLUSIONS
Both labile P forms and moderately labile P forms may be contributing to the P nutrition of rice in the studied Histosols. The critical levels of P estimated by Melhich 1 were: 104 (mg P dm -3 ) (GH), 120 (mg P dm -3 ) (GP), 101 (mg P dm -3 ) (O), and 53 (mg P dm -3 ) (A), with liming; and 116 (GH), 135 (GP), 59 (O), and 50 (A) without liming. When estimated by resin, critical levels of P were (mg P dm -3 ): 79 (GH), 162 (GP), 79 (O) and 119 (A) with liming; and 99 (GH), 125 (GP), 65 (O), and 68 (A) without liming. Mehlich 1 and resin extraction methods were similar in the extraction of P fractions from soils, specially in the evaluation of P availability to flooded rice in the studied Histosols. Table 8 -Pearson's correlation coefficients between available P by extractors and P taken up in shoot in the waterlogged soils studied.
**significant at the 0.05 probability level; *significant at the 0.01 probability level; ns -non-significant.
